Introduction 2' ,3'-Dideoxypyrimidine and purine nucleosides are among the most potent and selective anti-human immunodeficiency virus (HIV)compounds (Schinazi, 1988; Yarchoan and Broder, 1989) . 3'-Fluoro-3'-deoxythymidine (FDT, FLT, Fdd1) is a compound that is currently undergoing extensive preclinical studies for the treatment of HIV infections (Balzarini et al., 1988; Hartmann et aI., 1988; Matthes et aI., 1988; Bazin et aI., 1989) . FDT, shown in Fig. 1j is a nucleoside analogue related to thymidine (fdR) and 3'-azido-3'-deoxythymidine (AZ1) that has potent activity against HIV-1 in culture. Effective concentrations in infected human peripheral blood mononuclear cells (ECso = 0.0086 f.LM) are comparable to those of AZT (ECso = 0.002-0.009 f.LM) and much lower than those of 3'-deoxythymidine or other 3'-halo analogues (Hartmann et aI., 1988; Lin et aI., 1988; Chu et al., 1989) . FDT is phosphorylated to its 5'-triphosphate by nucleoside and nucleotide kinases: of the host cell. The 5'-triphosphate nucleotide of FDT (Matthes et aI., 1987) is a competitive inhibitor of reverse transcriptase and is thought to be incorporated into proviral DNA, resulting in DNA chain termination.
We have studied the crystal structures of several nucleoside analogues in an effort to determine possible correlations between the molecular conformations of nucleosides and their anti-HIV activity. Activity levels of different nucleoside analogues depend both on efficient phosphorylation of the nucleoside and effective inhibition of reverse transcriptase by the nucleotide. Conformational studies of nucleosides by X-ray diffraction or by NMR spectroscopy are more likely to be able to indicate features that are important for the phosphorylation process than for the interaction with reverse transcriptase. On the basis of crystallographic studies of a series of 3'deoxynucleosides, we have hypothesized (VanRoey et al., 1989 ) that the C3'-exo conformation of the sugar moiety allows the 5'-hydroxyl group to be more exposed and amenable to phosphorylation by cellular nucleoside kinases and that the active nucleosides have molecular properties, such as electronegative C3'-substituents, that stabilize this conformation. Conformational studies of FDT, in solid state or in solution, have not yet been reported. In order to further evaluate our hypothesis, which can only be confirmed or disproven by the analysis of more structures of active and inactive compounds, the crystal structure of FDT was determined and compared with the structures of TdR (young et al., 1969) and AZT. The structure of AZT has been studied and reported independently by six different groups: Gurskaya et al. (1986) , Birnbaum et el. (1987) , Camerman et al. (1987) , Dyer et al. (1988) , Parthasarathy and Kim (1988), and Van Roey et al. (1988) . All reports describe the same structure and we have so far not been able to obtain other polymorphs of AZT. NMR studies in solution of AZT and other related compounds are in progress (Drs H. Van
Halbeek and C. K. Chu, University of Georgia, personal communication).
Results
The atomic coordinates of the non-hydrogen atoms are listed in Table 1 . FDT crystallizes with four independent molecules in the asymmetric unit. None of the bond lengths and angles is exceptional. The most important conformational parameters are listed in Table 2 and compared with corresponding parameters for thymidine and AZT. The four molecules, shown in Fig. 2 , do not differ greatly in geometry. The largest differences are in the geometry of the glycosidic link (angleX' C2-N1-C1 f-04'), which is anti in all four molecules but ranges from -129.5°f or molecule C to -153.2°for molecule B. The N1-C1' bond length is, as expected, somewhat longer when X approaches 180°,but the effect is not as large as observed in the structure of AZT. All four molecules have +sc conformations about the C4'-C5' bond (torsion angle "y C3'-C4'-C5'-05 f of about 60°), but molecule C, with 'Y = 45.8°, is at the edge of the low energy well for this conformation. The dideoxyribose ring puckering is essentially identical in all four molecules. The pseudorotational angle, P, of nearly 180°corresponds to a nearly perfect C2'-endo/C3'-exo twist conformation. The consistent ribose ring conformation of the four FDT molecules is 276(7) 243(7) 291(7) 414(5) 205(5) 224(5) 319(5) 270(5) 239(4) 284(5) 238 (7) 228 (6) 213 (6) 224 (6) 256(7) 240 (7) 234 (7) 224 (6) 242(7) 329 (8) 354 (5) 215(5) 236(6) 325 (5) (1) 1499(1) 718 (1) 2308(1) -696(1) -1229 (1) 3405 (1) 4347 (2) 3790 (1) 3104 (2) 4002 (2) 2145 (1) 1882 (2) 1096 (2) 1082 (2) 1063 (2) 751 (1) 2907(1) 4104(1) 3236 (1) 4991(1) 1720 (1) 1622 (1) 4148(1) 3212(1) 3767(1) 4450(1) 3556(2) 5415(1) 5801(2) 6552(2) 6447(1) 6496(2) 6894(1) 4646(1) 3450 (1) 4309(1) 2568(1) 5741(1) 6094(2) 6760(1) 5853(1) 6424(1) 7089(1) 6242(2) 8006(1) 8185(2) 8972(2) 9068(2) (3) 1380(4) 3768 (2) 2481(3) 2518 (3) 4127(2) 928 (2) 3097(2) 178 (2) 1767(3) 2859(3) 3486 (3) 3233 (3) 4359(3) 2220(3) 3351(3) 3427 (3) 3136(3) 4447(4) 2292(2) 2396(2) 2033(3) 1046(3) 3016(3) 2322 (2) 5370(3) 1857(3) 2882(3) (3) x Table 1 continued.
Atomic coordinates and hydrogen atom coordinates have been deposited with the Cambridge Crystallographic Data Centre, Cambridge, UK. These tables as well as tables of bond lengths and angles and observed and calculated structure factors are available from the authors (PVR) upon request. (6) 206 (6) 187(5) 191 (6) 246(7) 219 (6) 262(7) 2381 (2) 1479(2) 838 (2) 1002(2) 19 (2) surprising. In most nucleoside structures with multiple molecules in the asymmetric unit, the independent moleculestend to have different glycosidic link and ribose ring conformations. Figure 3 shows the packing diagram of FOT. The intermolecular interactions, listed in Table 3 , consist primarily of two types of hydrogen bonding: symmetric N3-H3 ...04 base pairing between molecules A and C in one dimer and molecules Band 0 in the second, and 05'-02 hydrogen bonds across dimers. Although the base pairing hydrogen bonding is fairly strong, the bases arenot co-planar. The angle between the base of molecule B and that of molecule 0 is 17.4°. The base pairing between molecules A and C is even more twisted, with an interplanarangle of 23.10. These twist angles are substantially larger than the twist angles between bases in DNA. Each 05' donates its hydrogen to the remaining carbonyl oxygen (02) of a symmetry-related molecule of its partner in the base pair. No hydrogen bonding interaction is observed between the two sets of dimers. The only interactions between the dimers is a" partial base stacking effect between molecules A and 0, in which atoms C4, C5, C6, N1 and N3 of molecule 0 are about 3.4-3.5A from atoms C5, C4, C3, 04, and C7 of molecule A. Again the planes of stacked bases are twisted relatively to one another by 19.3°,The only other significant intermolecular close contact is the contact between F6' of molecule B with F6' of molecule 0 (x,-1+y,z), with a distance of 3.026(3)A.
Discussion
The large number of crystal structure determinations, NMR studies and analyses by other methods of nucleoside conformations provide a database for the determination of 'standard' nucleoside geometries (for example Sanger, 1984) . The Cambridge Crystallographic Data Centre (Allen et al., 1979) contains the coordinates of the crystal structures of several hundred nucleosides. By careful comparison of the structures of related nucleosides that differ in potency against HIV, it may be possible to identify conformational features that distinguish active anti-HIV nucleosides from inactive ones. In a previous report (Van Roey et al., 1989) comparing the structures of eight 2',3'-dideoxynucleosides, six active and two inactive against HIV, in cell culture, the active compounds were found to have a strong preference for C3'-exo conformations with a tendency towards an extreme C3'exo/C4'-endo (P > 190°) dideoxyribose ring conformation that is not commonly observed for other nucleosides. Molecules that have this conformation also tend to have a glycosidic link geometry that nearly eclipses the base with the C1'-04' bond (x -180°) and a higher than average occurrence of the ap (-y -180°) C4'-C5' geometry as opposed to the usual +sc geometry ("{ -60°). Inactive compounds appear more likely to have C3'-endo conformations. This conformational preference of active compounds has been shown (E.W.Taylor, P. Van Roey, R. F. Schinazi and C.K. Chu, manuscript submitted for publication) to result from the combination of steric effects and the gauche effect (Olson, 1982) , which suggests that 1-4 electronegative substituents prefer gauche rather than anti conformations.
Specifically, AZT has one molecule (P = 215°) in the unusual C3'-exo/C4'-endo conformation and a second molecule (P = 175°) in the C2'-endo/C3'-exo twist conformation. All four molecules of FDT have the latter, more common conformation. The conformation of the natural nucleoside TdR is intermediate between the two AZT conformations, but closest to the one that is also observed for FOT. The glycosidic link geometry of the FOT molecules spans the range defined by the two conformations of AZT.
It has been observed that strongly electronegative 3' -substituents enhance the anti-H IV activity of the nucleoside analogues, while more electropositive substituents reduce the activity (Lin et al., 1988; Chu et al., 1989) . We have proposed that this is at least in part caused by a conformational effect of this substitution by stabilizing a conformation that is preferred for phosphorylation, not a purely electrostatic effect. The observed structures of very active anti-HIV nucleosides have a tendency towards a conformation with P > 190°that is not commonly observed for other nucleosides. This conformation forces C5' into an axial position, thereby destabilizing the +sc C5'-05' orientation or promoting the availability of the ap conformation, which may be more favourable for phosphorylation at 05'. This is supported by solution NMR studies (Davies, 1978) that have shown that extreme C3'-exo conformations destabilize the +sc conformation. Studies using rigid analogues of adenosine-d'emonophosphate have shown that the ap conformation is required for enzymatic phosphorylation (Raleigh and Blackburn, 1978) . Furthermore, the inhibitors adenallene and cytallene (Hayashi et al., 1988) , in which the ribose ring is replaced by the rigid allene group, require phosphorylation for activity at the reverse transcriptase level and mimick the ap conformation. The structure of FOT is consistent with our hypothesis in that the four molecules of FOThave the C3' -exo conformation of active, 3' -substituted nucleosides but they do not have the extreme, P > 190°, conformation observed for some other of the active compounds: AZT, 2',3'-dideoxyadenosine and 2' ,3'dideoxycytidine. However, the conformation of all four molecules of FOTis very similar to the conformation of one of the molecules in the structure of AZT and to that of the natural substrate TdR and there is no evidence for a steric effect that would prohibit access to the P > 190°conformation for FOT. Therefore, if a preferred conformation for the phosphorylation of anti-HIV nucleosides exists in the range of 170 < P < 220°, it should be easily accessible for FOT.
Materials and Experimental procedures
FDT (C1oH13FN204, MW = 244) was obtained from the National Institute of Allergy and Infectious Diseases, NIH, DHHS, Bethesda, MD. The sample was recrystallized by slow evaporation of an acetone solution. A crystal with approximate dimensions of 0.15 x 0.20 x 0.40 mm was used for the intensity data measurements. Data were measured on a Nicolet P3 diffractometer, using Nb-filtered MoKe< (X. = 0.71069A) radiation. The crystal was cooled by means of a forced nitrogen stream. The temperature at the nozzle was 145 ± 0.5 K, corresponding to a crystal temperature of about 160 K. The intensities of six reflections were Structure of 3 '-f1uoro-3'-deoxythymidine 97 monitored-after every 139th data measurement but did not change significantly. The crystals belong to the monoclinic space group P2 1, with cell dimension a = 9.468(2)A, b = 18.607(4)A, c = 12.754(3)A. 13 = 98.37°, V = 2223.1 A3,Z = 8, Pc = 1.46g em:". A total of 5210 unique reflections with 4°< 28 < 55°was measured.
Lorentz (L) and polarization (P) correction were applied but absorption correction was not Considered necessary (fL = 0.116mm-1). Of the 5210 unique data measured, 4861 had F > 4rr(F)and were considered observed. rr(F)was calculated according to the method of Stout and Jensen (1968) : rr 2(F) = (k/4Lpl-)[rr 2(1)+(0.0161)2] (F, structure factor; k, scale factor; I, intensity). The structure was determined by direct methods, using the program MULTAN (Germain et al., 1971) , and refined by full-matrix least-squares. During initial refinement with isotropic thermal parameters, all non-hydrogen atoms were refined simultaneously and the ycoordinate of N1 of molecule A was held fixed to define the origin. During the refinement with anisotropic thermal para" meters, two blocks conslstlnq of molecules Band 0 and molecules A and C, respectively, Were refined in alternating cycles. Coordinates of the hydrogen atoms, except for the ones bonded to 05'A and 05'0, were determined from difference maps and included in the refinement after the refinement of the non-hydrogen atoms had converged. The maximum value of the shift/estimated SO during the final cycles was 0.10. Final R (crystallographic residual) values were R = 0.041, R w = 0.045 for the observed data and R~0.045 for all data. The standard deviation of an observation of unit weight was 2.892. The final difference map had maximum and minimum densities of 0.44 and. -0.39 e A-3. Atomic scattering parameters were taken from the International Tables of X-ray Crystallography (1974) . Other programs used include the data reduction program package written by Blessing (1987) , refinement programs based on the Enraf-Nonius SOP package (1979) and the plotting program ORTEP \I (Johnson, 1976) .
